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Abstract 
The worldwide supply with manifold industrial goods requires superior manufacturing techniques. In the field of steel 
products cold forging has gained importance for the last sixty years. One of the main challenges in cold forging is 
tool manufacturing. As a result of the ongoing trend in using work piece materials with high yield stresses cemented 
carbides are increasingly used as tool materials. The manufacturing process of the tool requires a combination of hard 
and fine machining. The result is a specific combination of coarse and fine structure which is determined by the 
processing parameters of different machining steps. Analyses of residual stresses in the top layer reveal this 
superposition. The scope of the present study is the investigation and description of correlation between 
manufacturing process and surface properties in a quantitative way. 
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1. Introduction 
The increased demand for manifold industrial goods requires well-engineered manufacturing 
techniques. In the field of steel based products cold forging has gained importance for the last sixty years 
[1]. Cold forging enables an economical production of precise components of high strength. The tool 
takes a key role in the forming process as it determines both accuracy and efficiency of forming process. 
Especially high tooling costs require improvements of the dynamical strength of tools. In cold forging the 
interaction of residual stresses caused by tool machining and external stresses induced by the forming 
process have a major influence on the limits of tool life [2]. Since compressive stresses have a positive 
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impact on tool life [1], machining processes which induce compressive residual stresses are preferred. In 
cold forging industry the trend in using work piece materials with high yield stresses in combination with 
additional strain hardening leads to high tool stresses. For forming processes with high demands 
regarding wear resistance cemented carbides are increasingly used. The composite is characterized by 
high hardness, high compressive strength but low tensile strength. For this reason hard machining of 
cemented carbides requires specific machining methods. Within tool making grinding and electrical 
discharge machining (EDM) replace the industrial standard. While EDM causes tensile stresses in the top 
layer of the tool, grinding leads to compressive stresses [3]. Since cemented carbides reveal high 
sensitivity to notch stresses, surface defects caused by hard machining have to be removed by a final 
polishing step. The combination of hard machining and polishing leads to a specific superposition of 
residual stresses. The resulting surface properties caused by the various machining steps will lead to 
different tool behavior in forming process. Interactions between residual stresses in the top layer and the 
tool behavior, e.g. fatigue behavior, will gain knowledge for an optimized production of cemented carbide 
based tools in terms of surface quality and production costs. 
Compressive residual stresses in the surface of cemented carbides induced by grinding were examined 
by Krawitz and Hegeman [4,5]. Denkena [6] investigated the residual stresses caused by grinding  in the 
top layer of cemented carbide based cutting tools. Several researchers [7, 8, 9] investigated the influence 
of EDM on the top layer of tool steels. Only a few did residual stress analysis on ED-machined cemented 
carbides. The interaction of different methods of hard machining and polishing has hardly been 
researched. As a consequence the present study has the scope to investigate and to describe the correlation 
between different machining processes, surface properties and tool behavior in a quantitative way. 
2. Experimental Setup 
In order to limit the efforts of the sintering process of powder-metallurgical blank as well as to 
facilitate separation of cylindrical bars because of large number of required samples, a simple cylindrical 
specimen geometry was chosen for the investigations (Fig. 1). The specimens have a height of 10 mm and 
a diameter of 12 mm. Blind holes with a diameter of 8 mm were machined comparatively by EDM and 
grinding. The plane geometry guarantees high accessibility for the characterization methods. Within the 
X-ray measurements of residual stresses 10 points in one line were measured on the machined workpiece 
surface. In tool making roughing strategies remove the major part of work piece material to achieve the 
pre-shape. Finishing strategies create the final shape and determine the surface properties. As 
investigations focus on surface characterization of forming tools a finishing strategy was chosen for both 
methods of hard machining. The different methods were evaluated in terms of removal rates, surface 
roughness and resulting specific residual stresses. Because hard machining does not achieve surface 
qualities required in cold forging-industry, the generated coarse structure has to be polished in order to 















Fig. 1: Specimen geometry 
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2.1. Specimens 
The specimens are made of G45C of the company KENNAMETAL. This grade is mainly used for 
active tool components such as die or punch. G45C is cemented carbide containing tungsten carbide 
(WC) and cobalt (Co). In general, cemented carbides are characterized by high hardness and metallic 
behavior like electrical and thermal conductivity. The hard WC grains are cemented by the Co-binder. 
Therefore the composite combines advantages of hard WC with ductility of Co. The Co fraction of 
commercial qualities is between 3 and 30 wt. % [11]. In order to guarantee sufficient fracture toughness 
high Co-cemented carbides are applied in cold forging industry. The material characteristics of G45C are 
given in Table 1. 
Table 1. Material characteristics of cemented carbide G45C [12] 















G45C 21.0 77.8 1.2 13.3 1030 3000 3600 5.0 
2.2. Machining 
Since EDM enables machining of materials regardless to their hardness, it is suitable for tool 
manufacturing of cemented carbide. Within EDM controlled discharges cause material erosion. Tool 
electrode and work piece are surrounded by a dielectric liquid. At the point of shortest distance between 
work piece and tool a high ignition voltage causes the discharge. The induced heat partially melts and 
evaporates the top layer of the work piece. Final material removal of cemented carbides is mainly 
achieved by thermal shock and dissolving of WC-grains by removal of binder phase. The EDM was done 
on a sinking-machine “Roboform 350 µ” of the company AGIE CHARMILLES. Since copper represents 
the industrial standard for finishing of cemented carbides, copper rods with a diameter of 8 mm were used 
as electrodes. The parameters of the applied EDM strategy are given in Table 2. Machining of cemented 
carbides via grinding requires the application of an abrasive with hardness higher than that of WC. 
Consequently diamond was used for the investigations. The blind holes were machined by internal 
cylindrical grinding with an abrasive pencil of diameter 5 mm. Grinding was done on an “Ultrasonic 20 
linear” of the company SAUER. Within grinding of cemented carbides material separation is 
accompanied by generation of thermal stresses since a major part of induced mechanical energy is 
converted into heat. To prevent heat generation a coolant is used. The machining parameters of the 
investigated grinding strategy are given in Table 3. In order to produce a surface quality that is applicable 
for tools in cold forging, the hard machined surfaces were polished. Standard in polishing of cemented 
carbides is manually controlled polishing with a diamond compound [13]. As a consequence, the worker 
determines polishing time by visual evaluation. Material removal is achieved by mechanical effects 
similar to grinding. To obtain  the required surface roughness diamond grits 15 and 7 µm have been used. 
Table 2. EDM parameters 
Peak current [A] Pulse duration [µs] Discharge voltage [V] Pulse interval [µs] 
1.0 25 -160 100 
Table 3. Grinding parameters 
Grit [µm] Revolutions per minute [1/min] Feed [mm/min] In-Feed [µm] 
46 10,000 600 2.0 
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2.3. X-Ray Measurement 
Residual stresses were measured according to DIN EN 15305, using an eight axis X-ray diffraction 
system Seifert Stress Analyzer XRD 3003 (Fig. 2.). The X-ray diffractometer consists of the X-ray tube, 
the collimator and the detector. While the X-ray tube emits the radiation, the collimator enables a parallel 
path of the X-ray beams. When the monochromatic beams impinge the surface of the specimen, the X-
rays are diffracted by near surface lattice planes. If residual stresses occur in the top layer of the target, 
the interplanar spacing changes. To obtain constructive interference the angle of incidence θ of the beams 
has to be adjusted. By using elastic constants the occurring angular offset can be converted into a stress 
value. The standard method for X-ray stress analysis is the sin²ψ-method. Since the penetration depth of 
the X-ray beams is in the range of several µm, a plane and surface parallel stress condition is assumed. 
The measurement of several lattice deformations in different tilting directions ψ enables the determination 
of the normal stress component in the azimuth direction. 
 
            
Fig. 2. (a) Seifert Stress Analyzer XRD 3003; (b) Schematic drawing of measuring setup 
3. Surface Characterization 
3.1. Machining Results 
The results of hard machining are given in Table 4. Roughness was measured by tactile stylus 
measurement according to ISO 3274. EDM achieves lower removal rates and worse surface qualities in 
comparison to grinding. In order to improve tribological conditions during cold forging, an Rz value of 
0.5 µm is required [10]. Since both surface types are above the value, a final polishing step is necessary.  
 
Table 5 shows the results of fine machining. The ED-machined surfaces require longer polishing times as 
more material has to be removed. The high standard deviation of polishing time is caused by the manual 
controlled polishing process. After fine machining all surfaces have a roughness value Rz below 0.5 µm. 
Table 4. Results of hard machining (arithmetic mean ± standard deviation) 
Hard machining Removal rate [mm³/min] Ra [µm] Rz [µm] 
EDM 0.033 ± 0.003 0.427 ± 0.008 3.063 ± 0.216 
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Table 5. Results of fine machining (arithmetic mean ± standard deviation) 
Hard machining Polishing time [min] for grit Total time [min] Ra [µm] Rz [µm] 
 15 µm 7 µm    
EDM 8.0 ± 2.2 4.3 ± 0.5 12.3 ± 2.5 0.046 ± 0.008 0.251 ± 0.069 
Grinding 5.0 ± 1.7 3.9 ± 0.8 8.9 ± 2.4 0.065 ± 0.017 0.308 ± 0.094 
3.2. Measurement of Residual Stresses 
The measurements were carried out by applying the sin²ψ-method. The radiation was generated by a 
Cr based anode. For stress analysis the Kα spectral line was used. The assumption was made that the 
stress value in the WC phase is representative for the whole composite as G45C contains 77.8 wt. % WC. 
The X-ray peak of the WC lattice plane {102} was measured. The results of stress analysis are given in 
Fig. 3. While EDM generates tensile stresses of a mean value of 959 N/mm², grinding leads to 
compressive stresses of 1500 N/mm². The polishing step overcompensates the tensile stresses caused by 
EDM into compressive stresses of 466 N/mm². The superposition of grinding and polishing leads to a 
slight decrease of the compressive stresses. The tensile stresses caused by EDM can be explained by 
thermal influence. The EDM process induces high heat in the surface which is partially molten and 
evaporated. At the end of each discharge the top layer rapidly cools down. Consequently the molten 
material solidifies. Within quenching process the solidified material contracts. The resulting elastic lattice 
distortions cause tensile stresses. In contrary the observed grinding process induces compressive stresses 
in the surface. As the coolant avoids heat generation mechanical effects predominate. During grinding a 
combination of compression and shear causes partial plastic deformations in the surface. The plastic 
deformations impede a release in elastic deformed regions. Consequently compressive stresses remain in 
the surface. The effects of polishing process on the surfaces are similar to those of grinding. The tensile 
stresses induced by EDM are overcompensated by the polishing process. In contrast, the superposition of 
grinding and polishing does not lead to a significant change of residual stresses. The results reveal that 
regardless of the applied hard machining method, compressive stresses remain in the top layer after fine 
















Fig. 3. Residual stresses caused by hard and fine machining 
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4. Conclusions 
The manufacturing process of forming tools made of cemented carbide requires combined hard and 
fine machining. While hard machining generates the shape of the tool, fine machining improves the 
surface quality. Due to the high hardness of cemented carbide hard machining is often done by EDM or 
grinding. EDM enables precise machining of complex geometries. However, with respect to residual 
stresses the erosion process induces tensile stresses in the top layer. In contrast, grinding is accompanied 
by compressive stresses. Moreover, grinding achieves higher removal rates and lower surface roughness. 
As a consequence, tool geometries of low complexity should be machined by grinding. Both machining 
methods reveal that hard machined surfaces are not sufficient for application in cold forging. 
Consequently a final polishing step is required. After fine machining both surface types reveal 
compressive stresses in the top layer. The hard machining method determines the resulting stress level. 
Compressive stresses for superposed grinding and polishing are higher than for EDM and polishing. Since 
for higher compressive stresses a longer tool life is expected, combined grinding and polishing should be 
favored in machining of cemented carbide based forming tools. Further investigations will show whether 
the obtained results are also valid for other cemented carbide grades. In addition, serial production tests 
will examine the correlation between residual stresses and tool behavior.  
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